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We study the SU(3) group structure of pentaquark baryons which are made of four quarks and 
one antiquark. The pentaquark baryons form 1, 8, 10, 10, 27, and 35 multiplets in SU(3) quark 
model. First, the flavor wave functions of all the pentaquark baryons are constructed in SU(3) quark 
model and then the flavor SU(3) symmetry relations for the interactions of the pentaquarks with 
three-quark baryons and pentaquark baryons are obtained. Constructing the general interactions 
in SU(3) could be important for understanding the pentaquark baryon properties from reaction 
mechanisms. We also discuss possible pentaquarks in 27-plet and 35-plet and their decay channels 
that can be used to identify them in future experiments. The mass sum rules for the pentaquark 
baryons are also presented. 
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> . I. INTRODUCTION 

o 

The discovery of 6 + (1540) by the LEPS Collaboration at SPring-8 [1] and the observations of the subsequent ex- 
| periments [2-13] have initiated great interests in exotic baryons in hadron physics. Because of its positive strangeness, 
the minimal quark content must be ududs and hence + is an exotic pentaquark state. The observation of S (1862) 
by NA49 Collaboration [14] may suggest that £(1862) forms pentaquark antidecuplet with 8 + (1540), which must 
be confirmed by other experiments [15]. Recently, a pentaquark state containing anti-charm quark was observed by 
HI Collaboration [18]. Because of the observation of pentaquark states in various reaction channels, the existence of 
Oh! pentaquark baryons now becomes widely accepted. 2 Thus it is natural to search for the other pentaquark baryons 
qi which have been predicted by hadron models. 

| Pentaquark baryons may be pure exotic or crypto-exotic. The pure exotic states can easily be identified by their 
. unique quantum numbers, but the crypto-exotic states are hard to be identified as their quantum numbers can also be 
generated by three-quark states. Therefore, it is crucial to have careful analyses for their decay channels. Historically, 
• rH , there have been many efforts to find pentaquark states with the development of quark models, which, however, failed 
to observe 0(1540). The efforts to search for pentaquark baryons until 1980's were summarized in Refs. [20, 21]. (See 
also Ref. [22]. ) 3 Early theoretical works on exotic baryons can be found, e.g., in Refs. [43]. Rigorous theoretical studies 
were then performed for heavy quark sector, i.e., pentaquark baryons with one anti-charmed quark or anti-bottom 
quark. In the pioneering work of Lipkin [23] and Grenoble group [24] , the anti-charmed pentaquark with one strange 
quark was shown to have the same binding energy as the H dibaryon in the heavy quark mass limit and in the SU(3) 
limit. Then it has been studied in more sophisticated quark models [25, 26] and in Skyrme model [27, 28]. Following 
the first experimental search for heavy pentaquarks [29], the observation of + (154O) and 9 C (3099) has brought new 
interests in this subject [30-35]. 
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1 The recent report from WA89 Collaboration [16, 17] shows no evidence for E(1860) in E — -nucleus collisions. 

2 However, higher statistics experiments are required to firmly establish the observed resonances. See Ref. [17] for a compilation of positive 
and negative reports on the existence of 0+(154O) in various experiments. Another interpretation for the ©+(1540) peak was suggested 
by Ref. [19]. 

3 In the literature we could find several resonances that were claimed to be crypto-exotic states. For example, Jf (1340), X(1450), and 
X(1640) were reported by Ref. [36] and ^(3520) by Ref. [37]. A(1390), X(1480), and X(1620) that have isospin / > 5/2 were observed 
by Ref. [38], and Ref. [39] reported £(3170). Most of them were found to have narrow widths, but their existence was not confirmed 
and questioned by later experiments [40, 41]. SPHINX Collaboration has reported the existence of X(2000), X(2050), and X(2400) 
that are expected to have the quark content of uudss [42], whose existence should be carefully re-examined by other experiments. 
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In the light quark sector, pentaquark states were anticipated in the Skyrme model [44, 45]. The first detailed study 
on antidccuplet was made by Diakonov et al. [46, 47], which predicted a very narrow + with a mass around 1530 
MeV by identifying 7V(1710) as the nuclcon analogue of the antidecuplet. After the discovery of 9 + (1540) there 
have been lots of theoretical models and ideas to explain the structure of pentaquark baryons and to search for the 
other pentaquark states. The subsequent theoretical studies include the soliton models [48-52], QCD sum rules [53], 
large N c QCD [54, 55], and lattice calculation [56-58], etc. As the quark models have provided a cornerstone for 
hadron physics, it is legitimate to start with the quark models and study the structure of pentaquark baryons. In 
Ref. [59], Karliner and Lipkin suggested a triquark-diquark model, where, for example, + is a system of (ud)-(uds). 
In Ref. [60], Jaffe and Wilczek advocated a diquark-diquark-antiquark model so that + is (ud)-(ud)-s. In this model, 
they also considered the mixing of the pentaquark antidecuplet with the pentaquark octet, which makes it different 
from the SU(3) soliton models where the octet describes the normal (three-quark) baryon octet. Assuming that the 
nucleon and £ analogues are in the ideal mixing of the octet and antidecuplet, the nucleon analogue is then identified 
as the Roper resonance iV(1440). In Ref. [61], it was pointed out that the Roper resonance A^(1710) should be excluded 
as a pure antidecuplet state. This is because, within SU(3) symmetry, antidecuplet does not couple to decuplet and 
meson octet, whereas 7V(1710) has a large branching ratio into ttA channel. Therefore, mixing with other multiplcts 
is required if one wants to identify ^V(1710) as a pentaquark crypto-exotic state. However, recent study for the ideal 
mixing between antidecuplet and octet states shows that the ideally mixed state still has vanishing coupling with the 
it A channel [62, 63], which excludes iV(1440) as a pentaquark state. This shows the importance of reaction/decay 
studies in identifying especially crypto-exotic pentaquark states. More discussions on the quark model predictions 
based on the diquark picture can be found, e.g., in Refs. [61, 64]. Predictions on the antidecuplet spectrum in various 
quark models can be found, e.g., in Refs. [65-70] 

In quark model, pentaquark baryons form six multiplcts, 1, 8, 10, 10, 27, and 35. The other type resonances 
are thus expected together with antidecuplet, particularly the isovector belonging to 27-plet and isotensor as 
a member of 35-plet. The interest in this direction has been growing [65, 71-74] and it is important to know the 
interactions and decay channels to search for the other pentaquark baryons. 

Furthermore, understanding the + properties such as spin-parity requires careful analyses of production mecha- 
nisms including jN -» KQ [75-80], -» K*Q [81], jN -» KnO [82] -» K+K~Q [83], NN -> YQ [84-86], and 
KN — > KttN [87]. Most model predictions for those production processes, however, do not consider the intermediate 
pentaquark baryons in its production mechanisms as the unknown inputs like the electromagnetic and strong cou- 
plings of pentaquark baryons are required. Therefore, knowing the interaction Lagrangian of pentaquark baryons are 
necessary. 

The physical pentaquark states would be mixtures of various multiplets as in the chiral soliton model [73]. Such 
a representation mixing is induced by SU(3) symmetry breaking and it can be studied in quark potential models. 
Therefore, it is desirable to obtain the full set of pentaquark wave functions in quark model for further investigation. 
In this paper, we construct the flavor wave functions of pentaquark baryons in SU(3) quark model. There are several 
works in this direction and the flavor wave functions of antidecuplet has been obtained in Refs. [62, 67, 68, 88]. (See 
also Ref. [55] for the relation between the wave functions of pentaquark baryons in quark model and Skyrme model 
in the large N c limit.) The SU(3) symmetric interactions for antidccuplet have been studied in Refs. [61-63], which 
motivated the development of a chiral Lagrangian for antidecuplet [89, 90]. In this work, we extend the SU(3) quark 
model to pentaquark states and obtain the flavor wave functions of all pentaquark states including singlet, octet, 
decuplet, antidecuplet, 27-plet, and 35-plet. Then we obtain the SU(3) symmetric Lagrangian of pentaquark-three- 
quark and pentaquark-pentaquark interactions with meson octet. 

This paper is organized as follows. In the next Section, we start with the quark and antiquark operators and form 
a diquark state. Then by taking direct product of two diquarks and one antiquark, we form the pentaquark states in 
tensor notation. The physical baryon states are, therefore, represented by SU(3) tensors as shown in Sect. III. This 
allows us to obtain the flavor wave functions of pentaquark baryons by identifying each SU(3) tensor with physical 
pentaquark states. Although the procedure in this paper follows the diquark-diquark-antiquark picture, the obtained 
wave function is general as we do not impose any dynamics to the quarks. In Sect. IV, we develop SU(3) symmetric 
Lagrangian for pentaquark baryons. We consider the interactions of pentaquarks with normal three-quark baryons 
(octet and decuplet) and meson octet. Then it is extended to construct the interactions of pentaquark baryons 
with (other) pentaquark multiplets and meson octet. The SU(3) symmetric case is considered in this work, but the 
symmetry breaking can be included in a standard way [91]. In Sect. V, the mass relations among pentaquark baryons 
are obtained. We found Gell-Mann-Okubo mass relation for 27-plet and equal spacing rules not only for 10 and 10 
but also for 27 and 35. Section VI contains a summary. 
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FIG. 1: Product of two quarks, 3 ® 3 = 6 3. 



irreducible tensor 


type 


notation 


Sjk 


(2,0) 


6 


rpi 


(0,1) 


3 



TABLE I: Irreducible tensors of a diquark. 



II. WAVE FUNCTIONS OF PENTAQUARK BARYONS 



We start with the representations for quark and antiquark. We denote a quark by qi and an antiquark by q l with 
i = 1,2, 3, so that q\, q 2 , and q% are u, d, and s quark, respectively. The inner products of the quark and antiquark 
operators are normalized as 

{Qi,Qi) = Sij, (q\q j )=S ij , (qi,q j )=0. (2.1) 



A. Diquark 

We first construct a diquark by a direct product of two quarks. In flavor SU(3) group, the quarks (/, are in the 
fundamental representation 3, which is described by a box in Young tableau. The direct product of two quarks then 
gives 3£g>3 = 6©3as shown in Fig. 1. In (p, q) notation, 6 is (2, 0) type and 3 is (0, 1) type. Generally, (p, q) type 

can be represented by a tensor T a ^'.'.'.'' p, which is completely symmetric in upper indices and in lower indices, namely, 

rpbi,b2,...,b q _ rpbi,b 2 ,...,b q _ rjib2,bi,...,b q _ rpb2,bi,...,b q (n n\ 

ai,a2,...,a p i a2 ! ii,...,a p i ai,a2....,a p ± d2,a\ ,...,a p ' 

etc. It is also traceless on every pair of indices so that 

= °- ( 2 - 3 ) 

Therefore, 6 is represented by a tensor and 3 is by T l like in the case of antiquarks. 
Explicitly, by symmetrizing and anti-symmetrizing, the product of two quarks is written as 

Wk = ~^ S ok + -^p£ijkT\ (2.4) 



where 




■^={q j q k ±q k q j ), (2.5) 



and 



T = t iik A jk , (2.6) 
so that Sjk and T % represent 6 and 3, respectively. The inner products of Sjk an d T l are then obtained as 

{S jk , S lm ) = 5 3l 5 km + 5 jm 6 k u (T\ T 3 ) = AS ij . (2.7) 
Since Sjk and T l are irreducible representations, the inner product (Sjk,T l ) vanishes. 
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FIG. 2: Products of two diquarks. (a) 6 <g> 6 = 15i 15 2 6, (b) 6 <g> 3 = 15 2 © 3, and (c) 3 <g> 3 = 6 © 3. 



B. Two diquarks 

Since one diquark is either in 6 or 3, the direct product of two diquarks contains 6 ® 6, 6 ® 3, 3 ® 6, and 3 <X> 3: 

(<lj<lk)(qiqm) = -^SjkSlm + - (eijkT l Sl m + €.il m Sj k T l ) + -^jk^nlm^T" . (2.8) 

The direct products of each multiplcts are shown in Fig. 2. 

We start with noting that the product 3 <£> 3 is decomposed into two parts as 

T l T 3 = 2y/2S ij + 2e ljk T k , (2.9) 

where 

S ij = J_ / T i T j +T j T i\ 

T k = (/ '/•' / '/'). (2.10) 

As shown in Fig. 2, this means that 3®3 = 6(B3. 
In the case of 6 (g> 3, we have 

S 3k T* = T] k + ±= (8)8% + SiS?) Q m , (2.11) 

where 

Q m — \/S^ m ^ ' 

T] k = SikT* -±= (5)8% + 8{8™) Q m , (2.12) 

which shows that 6 ® 3 = 15 ® 3. One can easily make sure that T) k represents 15. Namely, the 6 states from the two 
(symmetric) lower indices and 3 states from the upper index give 18 possible states, which are reduced to 15 when 
combined with three traceless conditions. 
Similarly, 3 <g) 6 is broken down to 



T l S ]k = Tj k + ^= (5)5% + 8{8f) Q m , (2.13) 
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where 



Qm — y^8^ *~' m ^' 

Tjk = rSj* - ±= {8)8% + 515™) Q m . (2.14) 



The product 6 <g> 6 is obtained as 



SjkSlm — -j=T jklm + ^= (e a kl8 m Sj + ^ajmSiSl) S bc + -j= (e a jl£bkm + ^akl^bjm) T ab , (2-15) 



where 



T ij = -±=e iab e jcd S ac S bd , 
V6 

Tjklm — 7= {SjkSlm + SlkSjm + Sj m Skl + SljSkm ~\~ SkmSjl + Sl m Sjk) , (2.16) 

V6 

as we have expected from 6 ® 6 = 15i © 15 2 6. Here, we have an identity, 

e alkTj m + £ a kjT£ n + ^ajlTkm = 0, (2-17) 

which is valid for T] k in Eq. (2.12), fj fc in Eq. (2.14), and S) k in Eq. (2.16). 
By collecting the above results, we have 



(q 3 qk)(qiq m ) = ^ T Jki m + -£j= {taki5 b m 5 c + e a3m 8^5 c k ) 



+ {tajltbkm + takltbjm) T ab + -e ijk |t/ to + — (SjS^ + 5 l m 5f) Q a j 

+ \*ijk [n m + ±= (8\8 a m + 5 m 5f) Q a J + ^=e ijfe e„ im (2S m + e<™T a ) . (2.18) 

The obtained irreducible representations for four-quarks are summarized in Table II. 

The inner products of the multiplcts are obtained as follows. First, for T a , Q ai and Q a of (1,0) type, we have 

(T a ,T b ) = 25 ab . (2.19) 

For T ij and S ij of (0, 2) type, we have 

(T ij , T lm ) = 5 il 8 jm + 8 im 8° l . (2.20) 
For Tj k , Tj k , and Sj k of (2, 1) type, which satisfy the traceless condition, T\ k = 0, we have 

(Tj k , T l mn ) = A5 a (8 jm 8 kn + S jn S km ) - 5) {S l m S kn + 8 l J km ) - 8{ (5 l m 5 jn + 8 l J jm ) . (2.21) 
For Tij k i of (4, 0) type, we have 



{Tjklm , T abc( i) — (Sjk, S ab )(Si m , S c d) + (Sjk, S bc )(Si m , S a d) + {Sjk, S a d)(Si m , S bc ) 

+ (Sjk, S ac )(Sl m , S b d) + (Sjk, S b d)(Sl m , S ac ) + (Sjk, S c d)(Sl m , S ab ), 



(2.22) 



where 

(Sjk, Sim) = SjlSkm + 5j m 8kl, (2.23) 

as in Eq. (2.7). 
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irreducible tensor 


type 


notation 


source 


Ti 


(1,0) 


3 


3® 3 


Qi 


(1,0) 


3 


6® 3 


Qi 


(1,0) 


3 


3® 6 




(0,2) 


6 


3® 3 




(0,2) 


6 


6® 6 


Tjk 


(2,1) 


15 2 


6® 3 




(2,1) 


15 2 


3 ® 6 




(2,1) 


15 2 


6® 6 


Tij k I 


(4,0) 


15i 


6® 6 



TABLE II: Irreducible tensors of the product of two diquarks. 



(a) 



(b) 



(c) 



(d) 



FIG. 3: Products of two diquarks and one antiquark. (a) 15i ® 3 = 35 10, (b) 15 2 ® 3 = 27 © 10 © 8, (c) 6 ® 3 = 10 © 8, 
and (d) 3® 3 = 8© 1. 



C. Pentaquarks 



As the two diquarks can form 3, 6, 15i, and 152 and the antiquarks form 3, there are six multiplets for pentaquarks, 
1, 8, 10, 10, 27, and 35 as depicted in Fig. 3. We now discuss the possible pentaquark multiplets in detail. 



1. 3® 3 



The two diquarks can form 3 when they are in 3 (g> 3 or 6 ® 3. Since 

30 3 = 80 1, (2.24) 

the pentaquarks are either in singlet or in octet representation in this case. Let Tj stand for Tj, Qi, or Qi of (1,0) 
type for the four-quarks, then we have 

T l <p = y/2(P* + ±JP 1 S}, (2.25) 
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where 



C — _!_T n m 

S ^T m q , 

P? = ^(r^-^SfSy (2.26) 
Thus, S and Pf represent the pentaquark singlet and pentaquark octet, respectively. 

2. 6 ®3 

When the two diquarks are in 3 <£> 3 or in 6 ® 6, they can form 6. In this case, we have antidecuplet and octet as 

6(8)3 = 1008. (2.27) 

This is the only case where we can form the antidecuplet. In other words, antidecuplet baryons can be formed only 
when both diquarks are in 3 or the both are in 6. 

For S lJ or T lJ of (0, 2) type for the four-quark system, which we write as S lJ in general, we have 

S ij <? = [T liq + (e liq Pi + e Hq P^ } , (2.28) 

where 

T ijk = -^=(S ij q k + S tk q 3 + S^q 4 ) , 
PI = ^e lab S ia <?>, (2.29) 
which represent the pentaquark antidecuplet and pentaquark octet, respectively. 

3. 15i<g>3 

If both of the two diquarks are in 6, then one can form four-quark in 15-plct of (4, 0) type, which is represented by 
T ijk i. Since 

15i<g>3 = 35 10, (2.30) 

we can form pentaquark 35 and 10. Note also that this is the only combination that gives rise to pentaquark 35-plet. 
Explicitly, we have 

Tw? = P{jki + ^= (<^W + 5]5\5l5f + SlS^Sf + SfS^Sf) D bcd , (2.31) 



where 

1 

T? 3kl = T l3kl q a - -L (6?D jkl + 5? Afci + S%D m + S?D llk ) . (2.32) 
4. 15 2 <g>3 

The 152 multiplet of two diquark system can be formed when one of the diquarks is in 6 and the other diquark in 
3. Since 

15 2 ® 3= 27 10 8, (2.33) 
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the 27-plet can be formed only in this case. Explicitly, if we write Tfa for Tfa, T kl , and S l kl , we obtain 

1 



\e^D mkl + -L (5?5 b k + 5\5l) PI — 



(2.34) 



where 



P ) = 



D 



jkl 



1 



V24 
2^2 ( J 



{tjabTuq + e k abT^q + ei a bT? k q ) , 



m = ^[n l qi+n l q*)- — {5\pi+5iPi + 5 k pi + 5iPi 



(2.35) 



5. Inner products 

The results for the pentaquark multiplcts obtained in this Section are summarized in Table III. Using the expressions 
given above, it is now straightforward to check the traceless conditions, P- = = T\- kl = 0. Furthermore, the inner 
products are obtained as 



(S,S) 

(rpij rppq\ 

\ ± kl^ ± rs ) 



(rpa rpb \ 

V 1 ijkl i ^pqrs) 



l, 

5 lk 5 



5)51, 



(Sij, Si m ) 5 kn + (Sij, Si n ) 5km + (Sij, S mn ) 5kl, 

(5 4J , S lm ) 5 kn + (S ij ,S ln ) 5 km + (S ij , S mn ) 5 kl , 
(S^,S™) (S kl ,S rs ) - \ (5^5? + (5\5 ls + 5\5 ks ) 

- I ftps* + (5id ls + 5{5 ks ) - l - (5*8* + 5^5P) (5\5 lr + 5\5 kr ) 
I (g* 5 * + pgr) (# k5lr + 5{5 kr ) + 1 (5\5i + 5}5{) (5^ + 5*5?) , 

5 ab {(Sij, Spq) (Ski, S rs ) + (Sij, S qr ) (Ski, Sp S ) + (Sij, Sp S ) (Ski, S qr ) 

+ (Sij, Spr) (Ski, S qs ) + (Sij, S qs ) (Ski, S pr ) + (Sij , S rs ) (Ski, Spq)} 

~ l$i {5 b p (D jkl ,D qrs ) + 5 b (D ]kl ,D prs ) + 5 b r (D ]kl ,D pqs ) + 5 b s (D jkU D pqr )} 

- I 5 ! {5 b p(D lk i,D qrs ) + 5 b q (D lkl ,Dp rs ) + 5 b (D m ,Dpq S ) + 5 b s (D lkl , D pqr )} 

- \5t {5 b p (D t] i,D qrs ) + 5 b q (D t] i,D prs ) + 5 b r (D t] i,Dp qs ) + 5 b s (D ijU D pqr )} 

- {5p(D ijk , D qrs ) + 5 q (D i: jk, D prs ) + 5 b .(D i: j k , Dpq S ) + 5^ ( Dij k , Dpqr) } , 



(2.36) 
(2.37) 
(2.38) 
(2.39) 



(2.40) 



(2.41) 



where 



(S ij ,S kl ) = 6 ik 5 jl +5 a 5 lk , 
(Si 3 , Ski) = 5ik5 3 i + 5u5j k . 



(2.42) 



With these informations, we are ready to match the states with the physical baryons. 
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irreducible tensor 


type 


notation 


source (two diquark state) 


S 


(0,0) 


1 


3 


1 3 


(1,1) 


8 


3, 6, 15 2 




(3,0) 


10 


15i, 15 2 


rpijk 


(0,3) 


To 


6 


rpij 
1 kl 


(2,2) 


27 


15 2 


rpa 


(4,1) 


35 


15i 



TABLE III: Representations of the pentaquark multiplets. 



III. FLAVOR WAVE FUNCTIONS OF PENTAQUARK BARYONS 

Now we identify the tensor representations for pentaquark baryons obtained so far with the physical baryon states. 
We first present our nomenclature for pentaquark particles. Based on its hypercharge, we name the baryon as 



Y = 


2 


e, 


Y = 


1 


TV, A, 


Y = 





S,A, 


Y = 


-1 




Y = 


-2 


fi, 


Y = 


-3 





(3-1) 

where we denote the Y = — 3 particle as X following Ref. [92]. We denote the isospin of the particle and the multiplct 
which it belongs to as subscripts, for example, 

£35,2 (3-2) 

represents a particle of 35-plet with hypercharge and isospin 2. In the case that the isospin or the multiplet is clear, 
we drop such subscripts as in 6 + . The superscript is reserved for the charge. 

In tensor representation, the number of lower indices of T a l]'.'.'.] a q p is p and that of upper indices is q. Now suppose 
that among its lower indices the numbers of l's, 2's, and 3's are pi, P2, and p$, respectively, and that among upper 
indices it has q\ l's, q 2 2's, and 53 3's. Then we have p\ + p 2 +P3 = p and q\ + q 2 + 93 = q. The irreducible tensor is 
an eigenstate of hypercharge Y and the third component of isospin I 3 with the eigenvalues [93] 

2 

Y = pi - gi +P2 - qi - q), 

h = \{p\-qi)-\{P2-q2)- (3.3) 

The charge of the particle is obtained from the Gell-Mann-Nishijima formula, Q = h + Y/2. By this way, we can 
match the SU(3) tensors to the physical baryon states. We summarize the pentaquark particles in Table IV. 



A. Singlet 

The pentaquark singlet is given by 

S = ^f m (T, (3.4) 

which is normalized as (S,S) = 1, where T m stands for T m , Q m , and Q m defined in Eqs. (2.10), (2.12), and (2.14), 
respectively. This is identified as 

S= -A?, (3.5) 
where the phase is chosen to be consistent with the tables of de Swart [94], i.e., the conventional phase. 
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multiplet 


hypercharge isospin 


particle 


1 








A? 


8 


1 


1/2 


A+,iV 8 







1 












A 




-1 


1/2 


—8) —8 


10 


1 


3/2 


A J), A? , A 10 







1 


^10' ^10 1 ^10 




-1 


1/2 


"10: "10 




-2 





"10 


10 


2 





e + 




1 


1/2 


JV To' io 






-1 


1 

3/2 


S To ' E 10 ' S To 

"TO, 3/2' "10,3/2' "10,3/2' "10,3/2 


27 


2 


1 


e++,e+,e° 




1 


3/2 


A++ A+ A A~ 
^27 ' ZA 27> ZA 27> ^27 




1 


1/2 









2 


v++ v+ v° v — v — 

"^27,2' ^27,2' ^27,2) ^27,2' ^27,2 







1 


^27' ^27) S 27 










A 
A27 




-1 


3/2 


"27,3/2' "27,3/2' "27,3/2' "27,3/2 




-1 


1/2 


"27: "27 




-2 


1 


^27,1 j ^27,1 ' ^27,1 


35 


2 


2 


e+++, e++, e+ e§, e 2 - 




1 
1 


5/2 
3/2 


A+++ A++ A+ A A - A~ _ 
^5/2 ' ^5/2' ^5/2' ^5/2' ^5/2' ^5/2 

A35 + ' A^" 5 , A35, A 35 







2 


v^h — h v+ v~ v — 

^35,2' ^35,2' ^35,2) ^35,21 ^35,2 







1 


^35' ^35) S 35 




-1 


3/2 


"35,3/2' "35,3/2' "35,3/2' "35,3/2 




-1 


1/2 


"35: "35 




-2 


1 


^35,1' ^35,1' ^35,1 




-2 





^35 




-3 


1/2 


x~, x— 



TABLE IV: Pentaquark baryons 



Octet 



The weight diagram for pentaquark octet is shown in Fig. 4. The octet tensor P? then represent the particles as 
follows, 





= K 


p3 

' r 2 


Pi 




P 1 


Pi 







j0 p2 _ y+ 

v 8 ' r l — ^8 ' 



""8 



(3.6) 



The mixed states Pj 1 , P|, and P| are decomposed of the physical states as follows [93, 95, 96]. This is well-known, 
but here we give the procedure as a pedagogic example. First, we note that the inner product of the octet members 
is 

{P i j ,P*) = S ik 5 jl - l -8)5t (3.7) 
With this normalization, we can see that all the off-diagonal components are already normalized to one. For diagonal 
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FIG. 4: Weight diagram for pentaquark octet. 




FIG. 5: Weight diagram for pentaquark decuplet. 

components, we have 

(P 1 1 ,P 1 1 )^(P 2 2 ,P|) = (P 3 3 ,P|) = | 

(Pi, Pi) = (Pi Pi) = (Pi, Pi) = -1. (3.8) 

Here, one can find that P 3 does not contain Eg part. This can be seen from the fact that by isospin lowering or 
raising, P| cannot be obtained from Eg or Eg , which are Pj 2 and P 2 . Then we have 




with the conventional sign choice. In order to know P\ and P|, we write 

P\ =aiE 8 J + & 1 A 8 \ P| = a 2 E° + b 2 A° 8 . (3.10) 

Then the traceless condition reads 



a\ + «2 = 0, 




(3.11) 



With the above condition and taking the inner products, one can obtain that 

ai = -a 2 = 1/V2, bi = b 2 = 1/V6. (3.12) 
Note that the phase convention for ai i2 is chosen to be consistent with the tables of de Swart [94]. 



C. Decuplet 



In the case of decuplet, we have 



Pin = V6A++, Pn2 = V2A+ , Pi 22 = V2A° , 

P 222 = a/BA^o, Pn3 - V2E+ , Pi 23 = -£° , 

P223 = -V2E M , P133 = V2S° , P 233 - V2Sr , 

P333 = -\/6Or - (3-13) 



Its weight diagram is shown in Fig. 5. 
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FIG. 6: Weight diagram for pentaquark antidecuplet. 




FIG. 7: Weight diagram for pentaquark 27-plet. 



D. Antidecuplet 

As can be seen from its weight diagram (Fig. 6), antidecuplet wave functions can also be read from those for 
decuplet baryons. We have 





= ^ S T0,3/2< 


rpll2 /077- ^122 /o" Q 

1 - V^ l3/2 , i -V^^g^ 


2^222 


= -V62+ 

V 10,3/2' 


T 113 = V2S-, T 123 = -E^, 


/ji223 


= 


T 133 = V2A^, T 233 = -V2N±, 


2*333 


= V69+. 





The observed 0(1540) is identified as a member of antidecuplet. Although it has to be confirmed by other ex- 
periments, 2(1862) is interpreted as 2jg 3 ^ 2 . The nuclcon analog Njq, however, is not identified yet. Several ideas 
which suggest A(1710) or 7V(1440) as a pure antidecuplet [46] or a mixture of octet and antidecuplet [60] have been 
advocated. However, 7V(1710) cannot be a pure antidecuplet member because of its large coupling to An [61], and 
OZI rule in the ideally mixed pentaquark octet and antidecuplet also prohibits the coupling of the nucleon analog 
with An [62, 63], which excludes A(1440) as a pentaquark state. If this is true, the nucleon analog N$ or Njq has 
not been found yet. 4 In Ref. [97], a possible way to search for Ejg is discussed. 

E. 27-plet 

As can be read from its weight diagram (Fig. 7), the 27-plet contains two Y = 1 baryons with isospin 1/2 and 3/2, 
three Y = baryons with isospin 2, 1, and 0, and two Y = — 1 baryons with isospin 1/2 and 3/2. Such mixed states 
can be classified by the method described in the previous subsection with the inner products of pentaquark states 
obtained in Sect. II. As an example, let us consider the Y = and I 3 — states, which are T 11 , T^ 2 , , T| 2 2 , T|| , 



4 It is interesting to note that SPHINX Collaboration claimed the existence of X(2000) which has hidden strangeness [42], 
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T33 • These can be written in terms of the physical states, S° 7 2 , £-27 > an d ^27' as 



J 11 

rpl2 
1 12 

ml3 
J 13 

rp22 

1 22 

rp23 

1 23 

rp33 

2 33 



a 1^27,2 + ^1^27 + c l^-27: 
a 2^27,2 + °2^27 + C 2 A 2 7, 
a 3^27,2 + °3^27 + C3A27, 
a 4^27,2 + ^4^27 + C 4 A 27 , 
2 ^5^27 + C5A27, 
a 6^27,2 + ^6^27 + C 6A27- 



First, we note that T33 has isospin 0. So we have a 6 = b 6 = 0. The inner product relation (2.40) gives 



/t^33 t-.33n 
l J 33 ' J 33 J 



which leads to c 6 = ^/|. We also have the inner products, 



(rp\\ rp33\ _ " /T-il2 rp33\ 

K 1 11 ! 1 33 ) — g) I ^ 12 i J 33 ) 
9 

/fp22 rp33^ _ z /t^23 rp33\ 

^22 5 J 33 / g ! l J 23' 1 337 



1 

5' 



which allow us to fix the values of Cj. The other inner products are 



(7| 3 3 ^2 2 3 3 ) 



6 

5' 
7 

10' 
1 

5' 
1 

5' 



/T-T12 rril2^ _ 

1^12 i 1 12 J — 



7 

To' 

I i Til2^| _ _3 

5' 
1 

To' 
1 

To' 



/rril3 rpl3\ _ 

l J 13 ' 1 13) — 



7 

To' 



/rrn22 /Ti22\ _ 

l J 22 ) J 22 I — 



(T£,T^) = - 

m i 3 3 ,T 2 2 3 3 ) = - 



(T 1 1 2 2 ,r 2 2 2 2 ) = - 

^22 rri23^ _ 
\ 1 22 ' 23 / 



/Till rp22\ _ 
V J 11 5 ^22 J — 



5' 



10' 



Together with the traceless condition = 0, which gives 

ai + «2 + 0,3 = a-2 + 0,4 + 0,5 = bi + b 2 + 63 



64 + 65 



(3.15) 



(3.16) 



(3.17) 



and the fact that is the £j 7 state, which implies that T^f does not contain state as it cannot be 
from T13 by isospin lowering operator, the above relations fix the constants a i; 6 i; and q as given below. 
After taking the conventional phase choice [94], we obtain as follows. 



(3.18) 

(3.19) 
obtained 



Y = 2,7 



-29+ 



Y 



1,7 = 3/2,1/2 

t^23 _ 
J ll - 



T-.33 
J 13 



T-.33 
J 23 



27 ' 



-A+ + J— N+ 



15 



27' 



r JV 27' 



^13 
J 12 



-.13 



4- J—N° 



-i33 



rp23 

J 12 



T-.23 
J 22 



26?, 



(3.20) 



27 



27' 



3 A 27 + y i5 a/ 27 , 



l 22 



V2A 



27' 



(3.21) 
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Y = 0,1 = 2,1,0 



li 



rp23 

J 13 



rpl2 

J 12 



rp22 

1 22 



T33 _ 
J 33 ~ 



z ^27,2' 

V5 27 ' 



i 



— So 



27.2 



ml3 
J 23 



^27,2 



Agr, 



2 

75 



^27' 



"^27,2 + "y^27' 

Pi 



ii 



^11 — \j g S 27,2 



-12 



27 



^27,2 + ~yg^27' 

15 27 ' 



27: 



n 13 
13 



5 ^27 VlO A27 ' 



5 27 + V 15 27 ' 



th23 
J 23 



27 



-AS 



27' 



T 



12 



l 22 



^27,2 



5 27 ' 



rii = -s 



27,2 



2D 



27,2' 



J 27> 



(3.22) 



y = -1,7 = 3/2,1/2 



13 



rp'2'2 

J 23 — — 



r 13 
( 33 



VZ "27,3/2> 



nil 
13 



3 "27,3/2 

2„_ 

3^27,3/2 



'6„_ 
5" 27 ' 



rpl2 

J 13 



3 "27,3/2 



+ 



"0 
""27' 



pll 
[ 23 



15 ^ 27 ' 
-V2S 



T23 _ 
J 33 ~ 



->12 



l 23 



27,3/2' 



■=■0 
"27' 



"27' 



2„_ 

g"27,3/2 



"27' 



(3.23) 



-2,1 



r 22 
f 33 



2O 
/s '27,l' 



r 12 
'33 



-V2Q.27 ,1) ^33 — 2^27,1- 



(3.24) 



F. 35-plet 

The weight diagram for 35-plet is given in Fig. 8 and the members are identified as follows. 
• Y = 2,1 = 2 



1 1111 

T 3 

± 1 999 



2^6+++, 



1 1112 



V69+ 



2 ' 



T^3 

J 1122 



26+ 



2-y/6e 



2 ■ 



(3.25) 



15 



Y = 1,7 = 5/2,3/2 



Y = 0,7 = 2,1 



J 1111 



rp2 

- £ 1112 



-2V6A+V 



-2W-A++ + — A++ 
V5^/ 2+ V5 35 ' 



T~>3 
^1113 



-V5A++, 



T 1 

J 1112 



= 2 



5 A35 ' 



^1122 — — 2\/-Ai" /2 + 



T^3 

J 1123 



rri2 

-'1222 



r l 
J 1222 



J 2223 



2^A° /2 + ^A° 



A 35' 



5/2 



T^3 

J 1223 



5" 5 /2-^ A 35' 



A 

^35' 



35: 



6.. 1 A _ 
>/5A«, T^^ = 2^6A 



'2222 



*5/2 



rji'2 

1 1113 



rp2 

- t 1123 



T 1 
-'1123 



T^3 

J 1233 



l 2223 



35,2' 



2^5,2 + 



T 1 

J 1113 



V 

2^35,2 



6 A - 4 A _ 
5 A V» + ^ 



V 

2 35 ' 



35' 



t^3 

J 1133 — 1 



^35,2 



rpl 

1 1223 



^35,2 



J 35' 



/4 E o 



35' 



T 1 
-'1223 



2^35,2 + \/ o^35' 



35,2 



rp3 

J 2233 



35 ' 



-^2223 — V^S 



35,2- 



Y = -1,7 = 3/2,1/2 



(3.26) 



(3.27) 



-2,7=1,0 



133 



- -2~+ 

^"35,3/2' 



-'nas — ^' ~" 



^2 
J 1233 



3"35,3/2 





3 "35' 



T 1 

-'1233 

rp3 

J 2333 



~~ V 3^35,3/2 
= -V3S3 5 , 



- l/^ S 35' 



3 "35,3/2 



T^3 

M333 



rri2 

^2233 



^2233 ~ 2 "35,3/2 



"0 

3 "35' 

vd "35' 
3"35,3/2 



/ 4 "- 



^1333 — — V^6^35 ; i, 2~1333 — ^^^35,1 

^2333 = ^^3^35 i — \/2fi3 5 , ^3333 = 2v/2fi 35 , ^2333 



"35' 



"^35,. 



(3.28) 



(3.29) 



Y = -3,7= 1/2 



333:! 



= -V24AT 



T 1 

J 3333 



24X~ 



(3.30) 



As we have identified the pcntaquark irreducible tensors with the physical baryon states, it is straightforward to 
obtain their flavor wave functions. For example, the flavor wave function of the singlet state, A°, is obtained as 



A — c i rp -m _ i2_n 77™ _ £L.n 77" 
_ \71 \71 \71 



(3.31) 
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where T m , Q m , and Q m are defined in Eqs. (2.10), (2.12), and (2.14). By noting that q\ = u, qi = d, and q^, = s, 
one can explicitly write down the wave function in terms of quark flavors. The coefficients c { are constrained as 
c i + c 2 + c i = 1- The octet, however, has eight coefficients as 



vf* 6 * 9 + vf jafc 9 + Tri jfe9 + 7TI ^ + 7TI ifc9 ■ (3 ' 32) 



The flavor wave functions of other multiplets are obtained as 

n _ „ _, C 



= -^Tijkiq 1 + (e lab Tj k q b + e jab T ki q b + e kab T? j q b ) 

{^iabTf k q b + e jab f ki q b + e kab f^q bS j + — = (e iab S^ k q b + e jab S ki q b + ekabSfj'q*) , (3.33) 



24 v ,-- ^ , ^ 24 

2«jfc = ^(5^ + ^ fe ^ + ^ fe y) + ^(r^ fe + rJ'V + T fe V), (3.34) 

= * { ^ + Ti?) ^= (siiLr + &in m <t + siw + s>A?r) } 

+ C2 { 271 C^' + ^) " ToTm + ^ r + ^ r + ) } 

+ C3 { W2 ^ + Sil ~^ IbTl ( 5l 5Lr + ^ ro?r + + ) } ' (3 - 35) 

Tijkl = Ti ok iq a — - (S^Tjkhnq" 1 + 5"T lk i m q m + S k Tiji m q m + S^T^kraq" 1 ) , (3.36) 

where S", T 4 , Q,, Tj fe , Q 4 , T; fe , T«, Sj fc) and T ijkl are defined in Eqs. (2.10), (2.12), (2.14), and (2.16). This is 
consistent with the fact that 

3®3®3®3®3 = 35© (3)27 © (2)10 © (4)10 © (8)8 (3)1, (3.37) 

where the numbers in parentheses are the number of multiplicity. Here, we do not give the full list of the pentaquark 
wave function explicitly in terms of u, d, and s quarks, since they can be read directly from the results presented in 
this Section. The coefficients c t are to be determined by quark dynamics. For example, in the case of antidecuplet, 
Jaffe-Wilczek model favors 3 structure of a diquark, hence c 2 = [60, 62], while c 2 ^ in SU(3) quark model of 
Carlson et al. [88]. Furthermore, if the diquark inside pentaquark baryons cannot form 6, the pentaquark 10, 27, 
and 35 are hard to be observed in the diquark-diquark-antiquark model. Therefore, observation of other pentaquark 
states in higher multiplets will help us to understand the structure of pentaquark baryons. 



IV. INTERACTIONS OF PENTAQUARK BARYONS 

With the wave functions of pentaquark baryons constructed in the previous Section, we now consider the SU(3) 
symmetric interaction Lagrangian of pentaquark baryons. In this paper, we first consider pentaquark interactions 
with three-quark baryons and meson octet. Then we establish the pentaquark interactions with (other) pentaquarks 
and meson octet. Some of the results presented in this Section can be read from the tables of Ref. [94], which, 
however, does not give all relations for pentaquark-pentaquark interactions. Since we are interested in the flavor 
SU(3) symmetric structure of the interactions and the spin-parity of pentaquark baryons is yet to be determined, we 
drop the Lorenz structure in this study. 

A. Interactions with 3-quark octet and meson octet 

We first consider the pentaquark interactions with normal baryon octet (83) and meson octet (8m)- In this case, 
we note that 

8(g)8 = 270lO©TO©8i©8 2 0l. (4.1) 
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The SU(3)-invariant interactions can be obtained by constructing SU(3) singlet. In tensor notation, it is achieved by 
fully contracting the upper and lower indices of the three tensors representing two baryon multiplcts and meson octet. 
When the number of upper indices does not match that of lower indices, the Levi-Civita tensors eijk are introduced 
to make the interactions fully contracted. In this construction, 35-8-8 cannot be SU(3)-invariant and the 35-plet 
cannot couple to 3-quark octet and meson octet. This property of the 35-plet would be useful to identify the 35-plet 
members in experiments. 

The 3-quark baryon octet and meson octet read 

Bf=p, Bl=n, S? = S+ 

Bl = T,~, B\ = 1/V2S° + 1/V6A°, B\ = -1/V2S + 1/V6A , 

B 3 3 = -v/273A°, B 2 3 =E a , Bl=-S~, (4.2) 

and 

Ml = K+, Ml = K°, Ml = 7T+, 

Ml = 7T _ , M{ = 1 / V2tt° + 1/V6r), Ml = - 1/ V2tt + 1 /V6rj, 

Ml = -ypljZr\, M$=K°, M\ = K~ . (4.3) 
It is also useful to define isospin multiplets as 




(4.4) 

We now construct the SU(3)-invariant Lagrangian for pentaquark baryons up to the universal coupling constants. 
The pentaquark baryon fields, S, P- , D ljkl T ljk , X*-' , and T£ kl are defined in Section III. 



1. l-8 3 

We start by considering the interaction of pentaquark singlet with (three-quark) baryon octet and meson octet. 
There is only one possible way to contract the upper and lower indices in this case and the SU(3) invariant Lagrangian 
reads 

£1-83 =gi- a3 SBiM* + (H.c). (4.5) 
Using Eqs.(3.5), (4.2), and (4.3), we obtain 

£1-83/91-83 = -A? (KN + K c S + S • 7T + At?) + (H.c), (4.6) 

where 

S • TT = S+7T- + S°7T + £-7T+, (4.7) 

and the isospin multiplcts are defined in Eq. (4.4). 



2. 8-8 3 



For the interaction of pentaquark octet and normal baryon octet and meson octet, there are two possible ways 
to contract the upper and lower indices. This is equivalent to the well-known /- and <i-type interactions and the 
interaction Lagrangian reads 

£8-8 3 /g 8 -83 =(d + f)PiBiM? + (d - !)P\B\Ml + (H.c). (4.8) 
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Using identification of the pentaquark octet given in Sect. Ill and Eqs. (4.2) and (4.3), we obtain 
^8-83/^-83 = ^(d + f)N 8 T-7vN-^=(d-3f)N s N V -^=(d + 3f)N 8 KA° 
+ ^=(d-f)N 8 T-SK- iV2f (S 8 x S) • tt + ^|d E 8 E r? 
+ ^fdEg • tt A° - -L(d + /)M 8 • rS + -L(d- /)KS 8 • rTV 

2 -d A°S • 7r - ^A;; A 77 - -L(d - 3/) A° 8 K C E 
~^(d + 3/) A^inV - -L(d - /) S 8 x • tt S 

- -1= (d + 3/) S 8 S ^ - -L (d + /) S 8 r • Etf c - -L (d - 3/) E S K C A° 
+ (H.c), (4.9) 
where the isospin multiplets of 83 are defined as in Eq. (4.4) and 

-i (E 8 x E) • tt = Eg (E+tt - E°7r+) + E° (E-tt + - E+tt") + E~ (E tt- - E^ ) , 

S 8 -E = E 8 f E+ + E 8 E° + E 8 _ E-. (4.10) 

In Refs. [62, 63], it has been claimed that the OZI rule leads to f/d — 1/3 within the ideal mixing of pentaquark 
octet and antidccuplet. 



IO-83 



The SU(3) interaction Lagrangian of pentaquark decuplet with the normal baryon octet and meson octet can be 
constructed as 



-r=rjlm - 



£10-83= 5io-8 3 B,*M* + (H.c). 



(4.11) 



Since the number of the upper indices is not the same with that of the lower indices, e%jk has been introduced to form 
the fully contracted interaction. Other possible contractions are equivalent to Eq. (4.11) up to an overall sign. 
Noting that the indices of the pentaquark decuplet are symmetric, we work out all the contractions and find 



C 



10-8; 



/9 



io-8 3 



where 



-V3A 10 T(§, \)-tvN + V3A 10 T(§, \) ■ S K + K S 10 • tN 

- i (S10 x E) • tt + V3Eio E 77 - V3Ei • tt A 

+ K c Eio ■ t S - Sior • E K c + S10T • tt E 

+ V3Si S i] - V3Z 10 K C A - v^o*" S + (H.c.) , 



A 10 = (A++, A+ , A? , A w f. 



The other isospin multiplets are defined as in Eq. (4.4) and 



with 



T 



(+1) 
3 1 

2' 2 



1 

71 



T(f,A).7T 

(Ve \ 

V2 


V J 



p(+l) 

3/2,1/2 



(-1) 



T. 



(0) 

3 1 
2 ' 2 



1 

73 



3/2,1/2 



2 
2 
VO 0/ 



(0) 



3/2,1/2' 



T 



(-1) 
3 1 

2' 2 



1 

7! 



/ \ 


V2 

V V6 y 



(4.12) 
(4.13) 
(4.14) 



(4.15) 
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Therefore, for example, 

A 10 T(|,i).7r7V = -V2 A++A^+ - y|A+ (VV+ - V^V+tt ) 

+ J^Ko (V+7T- + V2N\ ^ + V2A m N\- . (4.16) 
In a similar way, one can calculate Ai T(|, ^) -UK. The generalized isospin matrices are defined as [98] 



T(£)(/', J) = y (2// + 1 f /+1) (-l)^ (/V/- M |1P> (4-17) 

in the spherical basis. 

4- IO-83 

The SU(3) symmetric Lagrangian for this interaction was reported in Ref. [61], which reads 

£10-83 = ffio-83 e ilm T ijk BfM^ + (H.c). (4.18) 

Then we have [63] 

- ^377^ A° + TVjqT ■ SJf + * (Syo X S) • 7T 

- V3 S TO • ttA° + V3 Sy^S 7? - if C S TO • r S 

- If % • WV - x/3S ro T(§, I) • rr S + >/3S ro T(§, ±) • SJf c 

+ (H.c), (4.19) 



where 

"To — V"jo' "To"' -To' -To 



(-T7T' -T(T' -T7T' -"Tn ) T ' (4.20) 



Note that 

+ ~~K C N = 9 + (pK° - nK+) , (4.21) 

so that it has a relative negative sign for the + decays into proton and neutron. 

The universal coupling constant can be estimated from the decay width of 6 + (1540) as 

2_ = irM e r e 

yi0 " 83 3\ P k\(VM 2 n +P 2 k tM n ) 

where M and T& are the mass and decay width of 9 + (1540), respectively, and px is the momentum of kaon in the 
+ rest frame. The upper and lower sign correspond to the case when the parity of + is even and odd. Numerically, 
we have s|q_ 83 = Te/(6.19 MeV) for the case that 6(1540) has even-parity, which gives ffyo-s, = 0-4 if F@ = 1 MeV 
is used, and 0.9 if T e = 5 MeV. If 9(1540) has odd-parity, then we have = r e /(318.2 MeV), which gives 

gjQ_ 8s = 0.056 and 0.125 for Te = 1 MeV and 5 MeV, respectively. We refer to Refs. [99-101] for detailed discussions 
on the decay width of 6+(1540). 

5. 27-8 3 

In this case, the interaction can be written as 

hi 

£27-83 = .927-8 3 T iS B\M{ + (H.c.) . (4.23) 
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ki 

Again, because of symmetric upper and lower indices of , other possible contractions are not independent from 
the above expression. In terms of the physical baryon states, we have 

£27-83/227-83 = V2i? c 0i-riV + A 27 r(|,i).7riV + A 27 T(|,i).SX 

+ -^N 27 t ■ tvN + -^=N 27 t • Sif + -^N 27 K A 

V15 VIE V5 



where 



and 



with 



+ -^=N 27 N V + As 27i2 T(2, 1) • ttS c 



%K S 27 -riV 

5 



+ \\-K c £ 27 ■ tH + J-S27 St? + 1 -S 27 • ttA° 



3 ^0 



1 ^0 



10 

10 



-r 1 1 ~-" , - / 3 -7-0 -rr „ r -HJ ^ 

■A^AW - \j —A 27 K C ^ + -^A 27 £ • 7T 
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+ 3W-A 27 A°r/ + S 27;3/2 T(|, I) • £A C + S 27 , 3 / 2 T(§, 



3 l- 

2' 2' 



■ 7T^ 



1 



_ I _ 3 _ 

:S 27 -r • Sif c - ^=S 27 r • ttS + — =E 27 K C A° 
VT5 V5 



-^=S 27 Sry - V21T fi 27>1 • rS + (H.c), 



27,3/2' "27,3/2' "27,3/2' "27,3/2) ' 



S c — E°, S ) T , - 27 ,3/2 — 

= / 9+ V26++ \ = / 271 V2fi° 74 

1 y V29? -e+ y ' 27,1 y v^n^Ti 

T(2, 1) • tt = -T^ 1 V + T^tt" + 4V, 



T (+l) 

J 2,l 



T (-l) 
1 2.1 



1 

7i 



1 

71 



/ V6 \ 
V3 
1 


V J 

( \ 



1 
V3 

V V6 J 



T (0) 
2,1 



V2 



( \ 
V3 
2 
V3 

\ / 



Thus, 

£ 27i2 T(2, 1) • tt £ c = \/3S 2 f 7 | 2 S + 7r + 



(4.24) 



(4.25) 
(4.26) 



(4.27) 



+ "\/| S 27,2 + SV") + V3E 27!2 S-7T-, 



(4.28) 



and 



k c ©i • t jv - -\/2 e^V?r + + (A°p + x+n) + V2 e"ni^°. (4.29) 

Note that 9^~ decays into i£"AT quite similarly as the anti-decuplet 6 + does except the relative sign difference 
between the proton and neutron channel. This would make it difficult to disentangle the two if their mass difference 
is not big enough. Thus, the decay of 9^ + and 9° would be useful to identify the 9i isomultiplet in KN channel. 
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B. Interactions with 3-quark decuplet and meson octet 

We now move to interactions for pentaquarks with 3-quark decuplet and meson octet. In this case, we have 

10® 8 = 35 27 10® 8, (4.30) 

so that pentaquark antidecuplet cannot couple to this channel. Therefore this can give a useful constraint in finding 
antidecuplet baryons [61]. For example, JV(1710) cannot be a pure antidecuplet state as we discussed before. As in 

the case of pentaquark decuplet, the three-quark decuplet is represented by D^ k as 

Dg)=>/6A++, D$ 2 = V2A+, D^ 2 = V2A°, 

D 22 \ = — V2S* , ^133 — \/2"*°, D 233 = , 

D^ 3 = -V6Ct-. (4.31) 
1. 8-10 3 

The interaction Lagrangian for pentaquark octet and normal baryon decuplet reads 

£8-103 - 58-ios ^MlMJT + (H.c), (4.32) 



which gives 



where 



and 



£8-io 3 /58-io 3 = V3N s T(^I)-7vA + N s t-^*K-i(^ 8 x £*) • tt 
+ V3S 8 E*??-i? c S 8 -tE* -VSKVs -T(i,f) A 
- V3AgS* • tt — V3A° 8 K C E* +E s t-tvE* 

+ V3 S 8 E* V - V6 S 8 KSl- +E 8 r-S*K C + (H.c), (4.33) 



r(|, |) • 7T = -T { + 2 %n- + T[j 2 %K+ + Tl% 3/2 n , (4.34) 



T (+i) = _J_ T (o) 1 ( 2 



1 2 - :! 2 V3 V V2 Oj ' 1 ' 2 - 3 ' 2 \ 3 \ I) 2 

J_ / V2 \ 

'-1/2,3/2- ^3 I o o o ^/e J ' 



so that 



JV 8 T(|, |) • tt A = Nl\ V2A++7T- - \/-A°7r+ - ^A+V 1 



+ lf s fy|A+7r--\/2A-7r+--^A 7r j . (4.36) 



Note that [98] 



T(i,|) = -T(|,i)t, (4.37) 
and the difference between Eqs. (4.14) and (4.34). 



2. 10-lOa 



The interaction Lagrangian reads 



which leads to 



£10-103 = ffio-103 D ° kl D ( ± M T + ( H - c -)> 



C 



10-10 3 /fflO-103 



2 A 10 T(|, |) • 7v A + V6 A 10 At7 - V6 A 10 T(§, §) • £* K 

-i2V2 (S 10 x £*) •7r-2V2i? c S 10 -xS* + V6irS 10 -T(i,f) A 

+ V2 S10 r • 7T S* - V6 H10 S* 77 - 2V3 H10 A" fi _ 

- 2V2Sio t-Y.* K c - 2V6H 10 0" 77 - 2^3^15* + (H.c), 



where 



T(2 3\ . _ T (+i) +, T (-i) -, T (0) 

- 1 k2' 2/ 77 ~ " f 3/2,3/2 7r T-tq/oq/o 7 ! 1 '■ ■ 



L 3/2,3/2' 



3/2,3/2 



7T°, 



and 



r (+i) 

3/2,3/2 



T (-i) 

^3/2,3/2 



/ v/3 \ 

2 

V3 

\0 / 

/ o\ 

V3 
2 
V V3 J 



r (0) 
3/2,3/2 





/3 








\ 


2 





1 








\/l5 








-1 







\o 








-3/ 



Thus we have 



Ai T(|, f) ■ 7rA = y| A++ (V2A++VT + ^A+7t+) + f- 



V2 



A 



10 



? A? n f iA+n- - ^A%° + ^A-7r+ I + A" ( -^A\- - v^tt 



-LA++7T- + ^A+tt + -AV 
3 3 



6-=-- 



V3 



V3 



5. 27-lOa 

The Lagrangian of this interaction reads 

£27-103 = .927-103 ^ m "^>L 3 L M ^ + ( H - C -)- 



which gives 



where 



with 



C 



27-10 3 /.927-10 



So we have 



7-1/2 
2,3/2 



-2V3K C 0! • T(i, |) A + ^1 A 27 T(|, |) • ttA - 3>/2 A 27 A v 
+ V2 A 27 T(§, \) ■ £* A" + ^2 N 27 T{\, |) • 7T A 



V5 

"^]V 27 t- • E* X - 3 E 27 , 2 1(2, |) • K c A 
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+ ^2 £ 27 , 2 T(2, 1) • tt E c * - (S 27 x £*) • tt 
4 , 4V3^ 

+ 7E c 27 ' T ^ "75 



3™ 



s 27 s*?7- A /^s 27 -r(i,|)A 



A 27 £* • tt + ^ A 27 K c E* + 2V2 ~ 27 , 3/2 T(|, i) • tt E* 



2\^S 27i3/2 T(|,i)-S*^ c 



7^- 



^, 27 r • 7r^ 



-27- V 



+ 4= s 27 x jt + ^2 s 27 r • e* x c + 2V6 n 27 x • tt n- 

V5 
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+ 2#fi 27il ■rS* + (H.c), 



2 J — - f 2i 3/ 2 J 2 ,3/2 



/2 0\ 
V3 
V2 
1 

\ 00/ 



7-1/2 

2,3/2 



A- C ei-T(|,|)A 



E 27 , 2 1(2,|)- K C A = 



K~ 



/o o\ 

10 

\/2 

V3 

\ 2/ 



_y|e+ + (a+x+ - V3A++x°) + A e+ (a°^+ - A+if° 

+ yfe? (V3A-^+ - A°tf°) , 

2 J^ 7 > ++ iT° - yf (A ++ X- - V3A+if) - -| (A^- - A 
- ^ (V3A°X- - A-i?°) - ^S 27 - A-K-. 



As 9i can decay into KA, this decay channel can distinguish 0+ from 6 + . 



I 35-lOa 

The interaction Lagrangian reads 



£ 35 -io 3 = 9s 5 -ioX klD Sl M i + ( H - c -)> 
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so that we have 

£35-103/535-103 



^ 6 2 J(2, |) • KA + 6 A 5/2 T(§, |) • ttA + | A 35 T(§, §) • ttA 
+ 3V5 A 35 A 77 + 3V5 A 35 T(|, ±) • £*if + 6 S 35 , 2 T(2, 1) • ttS* 
+ ^5s 35 , 2 /(2,|).^ c A- 



V2 



+ 2V6 if c S 35 • rS* + A" £ 35 



T(i,f)A + 6 2 35)3/2 T(f,i).7rS* 



6"35,3/2T'( 2J 9 



• £* if c + V3 H 35 T • ttS* + 9 S 35 H r\ 
sV2E 35 Kn- - 2V3S 35 r • T,*K c + 6Tl 35A ■ tt Q~ 
3\l6KTi 35A • r S* + 6V2n 35 0" 77 
12Xif c fT + (H.c), 



6fl 35 KE* 



(4.49) 



where 



and 



A 5/2 - (A 



5/2 



A++ 

^5/2' 



A 5 + /2> 



A 

A 5/2i 



A"., A7,-) T , 



'5/2' 



T(|,|).7T 



-T (+1) 7^ 
J 5/2,3/2 7r 



+ J 5/2,3/2 7r 



, T (0) ... 
+ 1 5/2,3/2 7r 



5/2 ; 




(4.50) 



r (+i) 

l 5/2,3/2 



T^ 1 ' _ 
- 1 5/2,3/2 ~~ " - 







V20 








\ 









V12 








1 










V6 





7! 













V2 































/ 















\ 


















1 




V2 


















V6 















\ 


/I2 







I 








< 


Ml 



T. 



(o) 



5/2,3/2 



2 

7E 



( 

V2 







V 






V3 
V3 



\ 




V2 
I 



(4.51) 



which gives 



A 5/2 T(|,|).7tA 



-2A^ 2 + A++n+ 



V2A++TT 



- A+ /2 (V3A°7r+ - V6A+7T - A++7T-) - y^f A° /2 - V6A°7r° - ^A'Tr") 

+ Ag /2 (^V2A-7r + + V3A°7r-) + 2 A^A-tt - . (4.52) 

Since 35-plct is the highest multiplet among pentaquark multiplets, some resonances located in the boundary of 
the weight diagram have unique decay channels that do not suffer from mixing with other multiplets due to their 
quantum numbers. In particular, X~ (X ) decays into if f2~ (if~Q _ ) and this is the unique mode that can be 
searched in experiments. Similarly, the isotensor (I = 2) ++ , Q~ as well as A^ + , A,T, 2 with I = 5/2 can be 
measured without suffering from the mixing. In addition, 2 can decay into KA. This isospin selection rule may be 
useful to identify the Y = 2 baryons. Namely, + (and its higher spin resonances) can decay into K N only, while 6 2 
can decay into KA only. But Oi can decay into both KN and if A, if energetically allowed. 
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C. Interactions with pentaquark baryons 

Now we consider the interactions among pentaquarks with meson octet. These interactions can be constructed by 
noting that 

808 = 2781081088188281, 

10(8)8 = 35® 27® 10® 8, 

TU®8 = 35®27®T0®8, 

27® 8 = 64®35®35®27 1 ® 27 2 ®10®T0®8, 

35(g) 8 = 81®64®35 1 ® 35 2 ®28®27®10. (4.53) 

Thus we can see the followings. First, the pentaquark singlet can couple to pentaquark octet only. Second, the 
27-27 and 35-35 interactions have two types like 8-8 interaction. Third, the interactions including 10-10, 35-8, and 
35-10 are not allowed as they cannot form SU(3)-invariant interactions. Thus, 35-plet couplings are limited to the 
interactions with 27-plet and decuplct. 

1. 8-8 

This interaction Lagrangian contains the well-known /- and d-type interactions as in Eq. (4.9): 

£8-8/5 8 - 8 = (d + f)PlM?Pl + (d- f)PtP?Ml (4.54) 

so that 

W.g 8 -8= = ^(d + f)N 8 T-7vN 8 -^(d-3f)N s N sV -^(d + 5f)N 8 KA 8 

+ -j=(d- /) n 6 t ■ s 8 k - iV2f (s 8 x s 8 ) • 7T + y|rfs 8 s 8 v 

+ S 8 ■ 7T A° - ±={d + f) K C V 8 ■rS 8 + i(d-/) K £ 8 • tN 8 

|d A°S 8 • 7T - A° A° 8V --L(d- 3/) A° K C E 8 
~^={d + 3/) 7? 8 KN 8 ~^=(d- f) E 8 t ■ tt S 8 - -L(d + 3/) S 8 S 8 „ 
- -J= (d + /) S 8 r ■ £ 8 # c - -L (d - 3/) S 8 if C A° . (4.55) 
Note that the values of d and / are different from those in £ 8 -8 3 of Eq. (4.9). 

2. 10-10 

The interaction Lagrangian reads 

iki 

£10-10 = <?io-io£> D mkl M^, (4.56) 



which gives 



£10-10/510-10 = y^AioTd.fJ-TrAio + v^AioAiofj-v^AioTd.D-Sioif 

- »2>/2 (S10 x S10) • tt - 2V2i? c S10 -rE w + s/&KT{\, §) • S 10 A i0 
+ \/2Si t • tt S10 - V6S10 S10 r? - 2\/3Sio if fif 

- 2V2 S10 r • S10 if c - 2\/6n i0 n w r] - 2V3Ti w KE w . (4.57) 



26 



3. 10-10 

The interaction Lagrangian reads 

^To-To = gjo-joT 3 kiT mkl M^ (4.58) 

which gives 

£io-To/%o-To = - 2 ^ 0r ? ~ i% ~ K c 9 - V2lV TO r • ttJ% 

- V6 ]% i% 77 + 2V2 7VYO r • K + 2^2/72^ • tJ% 

+ 12V2 x • tt + Vel.s^ • T(i, f ) s m3/2 

- V / 6^Yq i3 / 2 T'(|> 5) • AT C + \/6"To j3 / 2 "10,3/2 »7 

15 _ 

"10,3/2^(2' 2) ' 7r "To,3/2- (4.59) 
^. 27-27 

This interaction contains two types as there are two ways to fully contract the upper and lower indices. As in the 
case of £g-8 we define /- and d-type interactions as 



£ 2 7-27Aj 27 - 27 = (d + m'T^MlT + (d - f)T%7™M> m . (4.60) 



Then we have 



£27-27/ 527-27 - £|AS|=0 + £|AS|=H ( 4 -61) 



where 



tfZs\U = -^-(d-3f)e 1 Q lV + i2V2(d + f) (0i x0 1 )-7r+^(d + 3/)A 27 A 27?? 

|(d + 3/) A 27 T(§, |) • rr A 27 + -^=dA 27 T(|, §) • 7riV 27 - -J=d]V 27 T(±, f ) • tt A 27 



- ^| (13d - 15/) 7V 27 iV 27 77 + ^(19d + 15/)7V 27 r • rriV 27 + -^d £ 27 , 2 £ 27 , 2 ?? 

4\/3 — 4 — 4 — c 

+ —j=-f S 27 , 2 T(2, 2) • rr S 27 . 2 + -=d S 27i2 T(2, 1) • rr - -=d£ 27 T(l, 2) • rr S 27 . 2 
V5 V15 V15 

- -^d S 27 S 27 r? - i2V2/ (S 27 x S 27 ) • rr + i^d S 27 • tt Ag 7 + ^j^d A 27 tt • S 27 
^JA* AO „ , ,/2^ n „ . [5, j . ^,3 3^ 



., ., dA 27 A 27 r ? + y -(d- 3/) ^ 27 , 3 /2 S 27! 3 /2 ?7- y -(d-3/)S 27j3/2 T(§, §) ■nE 2 r,3/2 
+ 4^S 27 , 3 / 2 T(§, ±) • rr S 27 - -|=dS 27 T(±, |) • rr S 27 , 3/2 - ^|(19d - 15/) S 27 r • rr ~ 27 



^(13d + 15/) S 27 S 27 77 - ^j3(d + 3/) Q 27 ,i ft 27 ,i 77 + z2V2(d - /) (n 27 ,i x fi 27;1 ) • rr, 



(4.62) 
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2(d - f) K c 0! • T(±, f) A 27 - 2(d - /) A 27 T(|, ±) ■ ©i Jf c - -£=(d + 5/) K c © 1 ■ r N 27 



(d + 5f)N 27 r ®iK c - V3(d - /) A 27 K C • J(|, 2) £ 27 , 2 - V3(d - /)£ 27 , 2 /(2, §) • # c A 27 
_ _L( 3rf + 5/)A 27 T(§, i) • S 27 K + -^(3d + 5/) i?£ 27 ■ T(±, |) A 27 - ^ (d + 5f)N 27 KA° 27 

-\{d + 5f) A 27 i? JV + ^ (3d - 5/)]V 27 r ■ £ 27 K + ^ (3d - 5/) K E 27 • r iV 27 

- V3(d + /) £ 27;2 J(2, |) - if S 27 , 3/2 - >/3(d + /) S 27 , 3/2 TC ■ J(|, 2) £ 27 , 2 

+ _L( 3 rf - 5/) i? c E 27 • T(§, |) S 27 , 3/2 - -L(3d - 5/) S 27 , 3/2 T(§, ±) • S 27 K c 

- ^ (3d + 5./) if c £ 27 ■ r S 27 - ^ (3d + 5/) S 27 r • S 27 K c - J (d - 5/) if c S 27 



- - (d - 5/)S 27 X c A^ 7 - 2(d + /) S 27 , 3/2 T(|, i) • Oar,! X + 2(d + /) if J2 27;1 • T(± §) S 27 , 3/2 

+ -J=(d-5/)S 27 r-J2 27>1 i<:+-J=(d-5/)^?2 27 , 1 -TS 27 . (4.63) 



/(|,2)-K C 



K°I 1/2 



K+r 1/2 

ly 1 3/2, 2' 



2,2 



l 2,2 ' 



(4.64) 



7-1/2 _ 
J 3/2,2 ~ 



(2 











o\ 





V3 

















V2 








Vo 








1 





.-1/2 _ 
'3/2,2 — 



/ 1 \ 

V2 

V3 

\ 2 / 



(4.65) 



rp+l 
J 2,2 



J 2,2 





(0 


V2 
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■5 








V3 





6 











V3 













V2 




\o 











/ 


/ 











o o\ 






y/2 


















V3 


















V3 







V 











V2 0/ 





1? 



2,2 



/ 2 \ 

10 



0-1 

V -2 ) 



(4.66) 
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Therefore, we have 



A 27 2) • K, E 27 , 2 = yjl A ++ (2E++ K° - E+ fi K + ) + ^| A + ;2 #° - V2S° 7 ^ 2 X+) 

+ A° (f2TP 27 ^K - V3^ 7j2 K +) + y? A" (E^K - 2E 27 7 2 tf+) , 
E 27 , 2 T(2, 2) • 7T E 27 , 2 - y|s 27 t 2 (V2S+ i2 7T+ + 2S++ 7T°) + ^|sj 7>2 (V3S° 7i2 7r+ + E+ 2 7r° + x/2E++ 2 tt") 

+ ^ S 27,2 (v / 3E 2 " 7 2 Tr + + V^E^TT") + \ (v^E^ 71 "* _ ^27,2^° + ^3^27,2^") 

- y ^ 27 ; 2 (2E 27 7 2 7r° - v^E 27 2 7r-) . (4.67) 



5. 35-35 



This interaction Lagrangian also contains /- and d-type and reads 

(d+.f)Tt l T« km Mr + 

,-35-35 , r 35-35 , 

^|AS|=0 + *-|AS| = l! (,4.05 J 



£35-35/335-35 = (d + f)Tt l T« km M? + {d-f)Tl M T™ kl M a m 



where 

6V12 



4as|=o - -4V6(d-3/)e 2 e 2 r / +^=-(d + /)e 2 T(2,2)-7re 2 + 8V6dA 5/2 A 5/2 r; 
+ ^ / A 5/2 T(|, |) • tt A 5/2 + ^(35d + 27/) A 35 T(|, f ) • tt A 35 



(5d - 3/) A 5/2 T(§, f ) • tt A 35 - ^-(5d - 3/) A 35 T(§, f ) • 7rA 5/2 
(3d - 5/) A 35 A 35 v + V6(5d - 3/) E 35 , 2 E 35>2 77 
(d + 7/) E 35 , 2 T(2, 2) • tt E 35;2 + V3(5d - 3/)S 35 , 2 T(2, 1) • irE§ 5 



- V3(5d - 3/) E3 5 T(2, 1) • tt E 35>2 - ^=(17d + 9/) (S 35 x S 35 ) • tt 

- V6(5d - 3/) E 35 E 35 V + 2V6(d - 3/) S 35 , 3/2 S 35 , 3/2 v 

- V30(d - 3/) S 35j3/2 T(|, |) • tt S 35i3/2 + V3(5d - 3/) S 35 , 3/2 T(|, ±) ■ tt S 35 

- y/3(5d- 3/)S 35 T(|, ±) • 7rS 35 , 3/2 + -^(lld + 3/) H35T • 7rS 35 

/fi 

- ^ (lid + 3/) S 35 S 35 r? + z3V2(3d - 5/) (n 3B ,i x 035,1) • tt 

- V6(d + 9/) 35 ,i n 3 B,i V + 2V3(5d - 3/) 035,1 • tt f2 35 + 2V3(5d - 3/) Sl^ir • n 3B ,i 

- 6\/6(d + /) n 35 Og 5 77 - 4V6(d + 3/) XX r\ - 12\/2(d - f)Xr-TvX. (4.69) 
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and 



Here. 



with 



r 35-35 
*"\AS\ = 1 



■^=(d- f) 6 2 1(2, 1) ■ K A 5/2 + ^(d - /) A 25 *T • 1(1, 2) 6 2 

- JL(d + 9/) 9 2 7(2, |) • X A 35 - -J=(d + 9/) A 35 K ■ J(|, 2) 6 2 

- ^(d + /) A 5/2 K C • J(|, 2) £ 27 , 2 + H^(d + /) S 3B ,2 1(2, ^ 



10 



10 



/CA 



5/2 



' (19d - 21/) A 35 K C ■ 1(1,2) £ 35;2 - -|=(19d - 21/)£ 35 , 2 I(2, |) • K c A 35 



(d + 9/)A 35 T(|,i)-S^ + 
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(d + 9/)XS 35 -T(i,|)A 35 



2 v '' 7 JU V2 ' 2/ 2 

- 9(d + /) £~ 35 , 2 1(2, §) • K S 35 , 3/2 - 9(d + /)S 35;3/2 K • 1(1 2) E 35j2 

- 2(d + 9/) K C V 35 ■ t S 35 - 2(d + 9/) E 35 t • S 35 K c 

+ V3(7d - 9/) X C S 35 • T(± |) S 35i3/2 - V3(7d - 9/) S 35 , 3/2 T(§, ±) • S 35 K c 

- 6V3(d + /) H 3Bi3/2 T(f , §) • 35 ,i # + 6V3(d + /) i?n 35 ,i • T(\, §) S 35 , 3/2 
+ 3(3d + 5/) S 35 r • n 35il , K + 3(3d + 5f) Kfl 35A ■ t S 35 

- V6(d + 9/) S 35 K 35 - V6(d + 9/) n 35 If H 35 - 6V2(d + /) if c TT 35 ,i ■ r X 

- 6V2(d + /) Xt ■ n 35i i K c - 4V3(d - 3/)n 35 K C X - 4V3(d - 3/) X K c Q 35 . 



T(|, §)■■«■ 



p(+l) 

5/2,5/2 



(-i) 



5/2,5/2 



7T- +T C 



(0) 



5/2,5/2' 



2V3 



5/2,5/2 



2V3 



l 5/2,5/2 



/0 \/5 \ 

o o 2V2 

3 

00 00 2V2 

V5 
\ / 

/ \ 

V5 

2V2 

3 

000 2V2 

\ \/5 / 



^5/2,5/2 



/ 5 
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3 

















1 

















-1 

















-3 





\0 











-5) 



which leads to 

v 5/2 



(4.70) 
(4.71) 



(4.72) 



A, /9 T(f,f).7rA 5/2 



^1 1 A+++ (5A+++.0 + VWAt^+) + A++ (VlOA+++n- + 3A++. + 4A+.+) 
+ A+ /2 (4A++7T- + A+ 2 7r° + 3V2A°7r+) + A° /2 (3V2A+ 2 tt- - A° /2 7r° + 4A-tt+) 



+ A 5/2 (4A° /2 ^- - 3A- 2 7r° + >/lOA~ tt + ) + A 5/2 (v^0A- /2 7r" 



5A- /2 7r ) 1.(4.73) 



27-10 



The interaction Lagrangian of 27 and 10 reads 



£ 2 7-To/s 27 -To = e tmn r^T mkl M- + (H.c), 



(4.74) 
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which gives 



£ 27 -To/.9 27 -To = 2V6 1 -7re-2if c 1 .riV T o + 2V2A 27 T(|,i).7riV T o 

<V2— Ar 3^— 

j= N 27 T ■ TV N w - ' 



2V2A 27 T(1±)--£ w K-^=N 27 t-7vN tu -^—N 27 N tuV 



+ ^N 27 K C Q- ^2iV 27 t ■ X^K + ^S 27 , 2 T(2, 1) • 7T 

- 3 S 27 , 2 1(2, 1) ■ K S m3/2 + i-^= (S 27 x Sio) • rr - ^2 S 27 SjTjTy 

- -^=if£ 27 • riVyo- if c E 27 • T(i, 1)2^ 3/2 - A 27 tt • 

+ A 2 7 ^^T(T _ S 2 7 , 3/2 |) • 7T 510,3/2 - 3 V2 5 27 ^/ 2 Ejq^T] 



V5 
8^ 



v / 2 5 27 , 3 / 2 T(|, §) • Syo^c + -^=E2 7 T(|, |) • 7T Sio ; 3 /2 



5 27 r • Sjoi^c - 2\/3 iiT Sl 27 ,i • |) 5 TO; 3 /2 



'15 

(H.c). (4.75) 



7. 35-27 

The interaction Lagrangian in this case is obtained as 



£35-2 7 /.g 35 - 27 - e^r^T^M? + (H.c), (4.76) 
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which gives 



£35-27/335-27 = 4\/2 9 2 T(2, 1) • 7r ©1 - 3\/2 6 2 1(2, |) ■ if A 



27 



12 -r- ^ 



- A 5/2 if c • J(|, 2) S 27 , 2 + 2V3 A 5/2 T(§, f) • rr A 27 
+ VlO A 35 T(|, i) • 0i Jf c + ^A 35 K C -1(1,2) S 27 , 2 



A A35 T(|,i).S 27 ^ 



' A 35 r(|,|).7rA 



12 



27 



+ ij= A 35 T(§, i) • rr iV 27 - 6 £ 35 , 2 £ 27 ,2 rj - S 35 ,2 T(2, 2 ) • tt v 2 _ 2 
+ v/10 E 35 , 2 T(2, 1) ■ tt £§ r - 3%/2 S 35i2 1(2, f ) • K S 27 , 3/2 



+ ^35,2 1(2, |) • K, A 27 - ^ if, S :i , ■ r Eo T 



- 2v^S 35 S 27 77 - A ^S 35 • T(|, |) A 27 - yjlK c E35 • T(±, |) S : 



V6 

+ i>/l5 (S 35 X S 27 ) • TT + ^S 35 • 7T A 27 — ^j^-K S 35 • T 7V 27 

-y^2 c / — — 

+ — £35 r (l> 2 ) ' 77 ^27,2 - 4v3^, 35j3 / 2 ^ 27j3 / 2 r? 

- —J^j- S 35,3/2 |) • 7T S 27 3/2 + \/6S 3 5, 3 /2 if ■ i(|,2) S 27 ,2 

+ \/T0 S35 3/2 T(|, |) • S 27 AT C + ^ S 35 3/2 T(|, |) • TT S 27 



27,3/2 



5^/5 

— 2\/2 £35,3/2 T(|, |) • r2 2 7,l if 77— S35 T • 7r£ 27 



3 

-J= £ 35 T(i, |) • tt £ 27 , 3/2 + 2a/10 £ 35 if c A° 7 + 
2 = 



2VTo^ 

— -y=~ "35 T ' ^27 



S35T • n 27 ,i K - 6 Q 35 ,i ^27,1 ?7 + (p 3 5,i x fi 27 ,i) • 7T 

- 2V6 Xtt 35 ,i • T(i, |) £ 27 , 3/2 - \/l0i??2 35 ,i • t £ 27 - 2^2^35 7T • n 27 ,i 
+ 2\ZT5n 35 ^S 27 + 4\/3Xt • n 27i i X c 
+ (H.c). 



(4.77) 



5. Other interactions 



Other interactions of pentaquarks can be obtained directly from the results in the previous subsections. Namely, the 
interactions for 1-8, 10-8, TO-8, and 27-8 can be obtained from Eqs. (4.6), (4.12), (4.19), and (4.24) by replacing the 
three-quark octet by pentaquark octet. Also the interactions for 27-10 and 35-10 can be read from Eqs. (4.44) and 
(4.49), respectively, by replacing the three-quark decuplct by pentaquark decuplet. This completes the interactions 
of pentaquark baryons with pentaquark baryons and meson octet. 



V. MASS RELATIONS 



In this Section, we derive several relations for the mass differences among pentaquark baryons. This can be obtained 
by using the Gell-Mann-Okubo mass formula, 



M = M + aY + (3Dl, 



(5.1) 
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y = 





1 







V° 





"2/ 



where Mo is a common mass of a given multiplet and D| = /( J + 1 ) — Y 2 /A — C/6 with C = 2 (p + g) + | (p 2 + pq + q 2 ) 
for the (p, q) representation. In the tensor representation, one can obtain the same results as follows. Since all the 
particles belonging to an irreducible representation of SU(3) are degenerate in the SU(3) symmetry limit, it is required 
to include SU(3) symmetry breaking to obtain the mass splittings. It is well-known that the Hamiltonian which breaks 
SU(3) symmetry but still preserves the isospin symmetry and hypercharge is proportional to the Gcll-Mann matrix 
As. Thus we introduce the hypercharge tensor as 

( 1 \ 

(5.2) 

Then the baryon masses can be obtained by constructing all possible contractions among irreducible tensors and the 
hypercharge tensor. As the mass formulas contain several parameters which take different values depending on the 
multiplet, we can obtain only the relations between the masses. Also note that we do not consider mixing among 
baryon multiplets in this work. 

A. Octet 

For the pentaquark octet, the mass term is given by 

H a = '/Tyy + bP)y\pi + c^yfpl (5.3) 

Using the particle identifications for the octet tensor, we obtain the octet mass as 

N% = a + b — 2c, A 8 = a — b — c, 

S 8 = a + 6 + c, S 8 = a-26 + c. (5.4) 

The particle name in each equation indicates its mass in this Section. One can then easily find that Eq. (5.3) leads 
to the Gell-Mann-Okubo mass relation for the pentaquark octet, 

2(A^ 8 + S 8 ) = 3A 8 + S 8 . (5.5) 



B. Decuplet 



In this case, the fully contracted Hamiltonian reads 
Working out the contraction, we obtain 



Hio = aD l]k D l]k + bD l3k y l k D ljl . (5.6) 



Ai = 6(a + 6), Sio = 6a, 

Sio = 6(a-6), fii = 6(a-2&). (5.7) 
Note that we have the well-known equal spacing for the decuplet spectrum, 

— Sio = Sio — Sio = Sio — Aio (5.8) 

C. Antidecuplet 

The mass spectrum of antidecuplet is very similar to that of decuplet, namely, 

Hjo - aT ijk T^ k + bT llk yfT^ 1 , (5.9) 

which gives 

9 = 6(o-26), 7V TO = 6(a-6), 

£^=6(1, -103/2 = 6(01 + 6). (5.10) 
Again, we have equal spacing rule in the spectrum [46] , 

s m 3 / 2 -£ TO = £io-7VTo = 7VTo-e. (5-H) 
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D. 27-plet 

There are three possible ways to contract upper and lower indices as in the case of octet. We have 

H 27 = aT%T$ + Vf 3 kl y l m T*™ + <a%y?TV. (5.12) 

The masses are then given by 

6i = 4a - 86 + 4c, 

28 2 

A 27 = 4a - 26 + 4c, N 27 = 4a - —b + -c, 

5 5 

4 4 16 16 
E 272 = 4a + 46 + 4c, E 27 = 4a - -6 - -c, A 27 = 4a - — 6 - — c, 

5 5 5 5 

2 28 

S 27,3/2 = 4a + 46- 2c, S 27 = 4a + -6 - — c, 



fi 27 ,i = 4a + 46-8c. (5.13) 
From the above results, we can obtain several mass relations, 

3(£ 27 + 0i) = 2(A 27 + 27V 27 ), 

3(S 27 , 3 /2 + 26i) = 4A 27 + 5N 27 , 3(S 27 + 26i) = A 27 + 8N 27 , 

3(fi 27 ,i+30i) = 2(A 27 + 5jV 27 ). (5.14) 

Some interesting relations can be found. First, one can find the analog of Gell-Mann-Okubo relation, 

2{N 27 + E 27 ) = 3A 27 + E 27 . (5.15) 

Second, we note that some of the 27-plet members, i.e., 6i, A 27 , E 27j2 , S 273 / 2 , and fi27.i1 satisfy two independent 
equal-spacing rules, 

fi27,l — "27,3/2 — "27,3/2 ~ ^27,2i 



^27, 2 — ^27 — ^27 



0i. (5.16) 



Note that they are the states with maximum isospin for a given hypercharge and the equal-spacing rule holds inde- 
pendently for the upper half of the 27-plet weight diagram and for the lower half of the weight diagram (Fig. 7). 



E. 35-plet 



In this case, we have 



The obtained masses are 



#35 — ali Tj klm + bTl y™T l nklm + cTl y' l n T™ klm . (5-17) 
2 = 24a + 246 - 48c, 

A 5/2 = 24a + 246 + 24c, A 35 = 24a + 96 - 36c, 

E 35i2 = 24a + 66 + 24c, £ 35 = 24a - 66 - 24c, 
2 35 ,3/ 2 = 24a - 126 + 24c, S 35 = 24a - 216 - 12c, 

fi 35> i = 24a - 306 + 24c, fi 35 = 24a - 366, 

X = 24a - 486 + 24c. (5.18) 

Here we observe that there are two sets of baryons which satisfy the equal-spacing rule separately. Namely, (0 2 , A 35 , 
S 3 5, S 3 5, fi 3 5) are equally spaced and another equal spacing rule holds for (A 5 / 2 , X 3 5. 2 , S 35 3 / 2 , fi35.i1 X), 

fi35 — "35 = "35 — S 35 = S 35 — A 35 = A 35 — 02, 

X — fi35,l = fi35,l — "35,3/2 = "35,3/2 — ^35,2 = ^35, 2 — A 5 / 2 . (5.19) 

One can derive other mass relations such as 

5(02 + £35,2) = 2(2A 5/2 + 3A 35 ), 5(£ 35 - £35,2) = -4(A 5/2 - A 35 ), 

5(S 35 - 2S 35 , 2 ) = -8A 5/2 + 3A 35 , 5(fi 35 - 3S 35 , 2 ) = -2(6A 5/2 - A 35 ). (5.20) 
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VI. SUMMARY 

In summary, we have obtained the flavor wave functions of all pentaquark baryons in SU(3) quark model including 
1, 8, 10, 10, 27, and 35. Then the SU(3) symmetric Lagrangian for the interactions involving pentaquark baryons is 
constructed and the mass relations among the pentaquark baryons are derived. Together with the mass sum rules, the 
obtained SU(3) selection rules and SU(3) symmetry relations would be useful in searching for the pentaquark baryons 
in future experiments and studying their production processes as well as developing more sophisticated models for 
pentaquark structure. The flavor-spin wave function of pentaquark baryons can be constructed by extending our 
results to SU(6) [65] and the symmetry breaking effects can be introduced to our SU(3) symmetric Lagrangian in a 
standard way. 
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